This paper describes the processing of biodegradable polymers in the meltblowing process. The processing of such materials is still in the development stages as their rheological behavior gives a strong restriction for such applications. Meltblowing experiments were carried out with different polymers, including polylactide, polyesteramide, polyvinylalcohol, cellulosediacetate and polycaprolactone/thermoplastic starch. The process of meltblowing requires lower molecular weight and narrow molecular weight distribution resins to produce uniform, fine-fiber webs. The polymer distribution is inversely proportional to the melt flow rate and directly related to the melt viscosity. The processing conditions and general observations will be explained. The physical properties and parameters such as fiber diameter, fiber diameter distribution and stress-strain properties of the webs were measured. Also, microscopical analysis of the meltblown fabric will be shown. These tests give first hints for the processability of such materials with the meltblown process.
Introduction
Nonwoven meltblown fabrics play key roles in various fields of everyday products. The best known among them include:
• Industrial wipes • Feminine hygiene products • Oil spill sorbents • Diapers • Air and liquid filters • Surgical masks and gowns Such products are usually based on traditional thermoplastic resins, such as PP, PE, PET, PA, PC or hot-melts. However, due to increasing environmental consciousness and demands of legislative authorities, the manufacture, use and removal of products made of such traditional polymers are considered more critically [11] . Remedy to this problem could be found in the development of substitute products based on biodegradable and ideally natural and renewable materials. The intention is that products could show carbon dioxide neutrality by waste incineration with thermal dissipation or ideally be composted at the end of their servicelife to give release of the waste disposal problem. Possible biodegradable polymeric systems are available on the market in a large variety such as polylactide, polyesteramide or polyvinylalcohol. The use of such products may lead to the following benefits:
• Carbon dioxide neutrality by waste incineration with thermal dissipation • Integration into natural cycles • Reduction of the use of fossil resources • Meeting with steadily the increasing environmental demands of legislative authorities • Products could be composted at the end of their service life to give relief to the waste disposal problem The meltblowing process is a one step-extrusion process for the production of microfiber nonwovens [7] . In this process, high velocity air blows molten thermoplastic resin from an extruder die tip onto a conveyor or take-up screen to form an opaque fine-fiber web. The meltblown webs have excellent hand, moderate strength and a wide variety of applications. Due to the fineness and density of the fibers as well as to the large fiber surface area, meltblown webs are suitable for the applications stated above ranging from filtration to insulation and, due to the exceptional absorbency of the meltblown webs, to liquid absorption products.
Although the meltblowing technology allows the processing of a large range of thermoplastic resins [10], polypropylene continues to be by far the major resin used in meltblowing because of its low molecular weight and viscosity and its processing properties. The processing of biodegradable polymers is yet still in the development stages as their rheological behavior gives a strong restriction for such applications.
Process Description
The principle of the meltblowing process is shown in Figure 1 . With reference to [7, 9] ORIGINAL PAPER/PEER-REVIEWED ated by convergent streams of hot air exiting from the top and bottom side of the die nosepiece to form extremely fine diameter fibers. The attenuated fibers are subsequently blown by the high-velocity air onto a collector screen, thus forming a self-bonded, nonwoven meltblown web.
The fibers in a meltblown fabric are held together by a combination of entanglement and cohesive sticking. Because the fibers are drawn to their final diameters while still in the semi-molten state, there is no downstream method of drawing the fibers before they are deposited onto the webs; hence, the webs exhibit low to moderate strength. Generally, the properties of the fabrics are highly dependent on the process conditions.
Experimental Design Equipment
The meltblowing experiments were carried out at the TANDEC Institute at the University of Tennessee in Knoxville, Tennessee. The meltblowing line utilized features a 890 mm (35 inch) extruder with a diameter of 25.4 mm (1 inch).
Physical Property Measurements
Climate Conditions. All measurements were carried out at a standard atmosphere with air humidity of 65% and ambient temperature of 20 o C. Basis Weight of the Webs. The basis weight was determined according to ASTM Standard. The specimen for basis weight determination were selected randomly over the length of the pattern but in a manner to ensure equal representation across the fabric width. The Weight Distribution of the Fabric as Subject of the Width was also determined.
Stress-Strain Properties of the Webs. The stress-strain properties were measured in accordance with DIN 53857, part 1, using an Instron 4502 tensile tester. The tensile properties were only measured in the machine direction.
M i c r o s c o p i c a l Analysis
Fiber Diameter. Fiber diameters were determined by means of a Zellwanger OFDA (optical fiber diameter analyzer). OFDA is an investigation method basing on image analysis. Also, the Fiber Diameter Distribution of the fabrics was determined.
Photomicrographs of the Webs. Photomicrographs were taken using a scanning electron microscope.
Processed matrix polymers
Basically, any fiber-forming polymer or blend that can give acceptably low melt viscosity at suitable processing temperatures and can solidify before landing on the collector screen can be meltblown into fine-fiber webs [1] . A wide range of polymers has been meltblown, whereas polypropylene continues to be by far the major resin used in this technology [2, 3] . The molecular weight and molecular weight distribution are important material variables for meltblowing. The process requires lower molecular weight and narrow molecular weight distribution resins to produce uniform fine-fiber webs. The polymer distribution is inversely proportional to the melt flow rate (MFR) and directly related to the melt viscosity. With reference to [5] , biodegradable polymers can be subdivided into five main classes: biopolymers, derivatives of biopolymers, polymers produced synthetically or by means of biotechnology and blends of the first four groups. Table 1 gives a survey of these classes and some representative polymers.
Buntin and Lohkamp [1] performed extensive qualitative observations based on the processing of several thermoplastic materials. Although they found that most thermoplastics can be meltblown successfully into good finished products, biodegradable polymers remain exceptions as their rheological behavior and low MFR were thought to give a strong restriction for such applications. This refers especially to polymer blends based on starch with its rather high molecular weight and wide molecular weight distribution.
Furthermore, the origin from natural resources gives a strong limitation referring to processing temperatures for many of biodegradable polymers. The polymers used within the framework of the test studies are given in Table 2 . The polymers were supplied in pellet form. Polyvinylalcohol (Mowiol 585) by Clariant, Germany, Polyesteramide (BAK 1095) by Bayer, Germany and Cellulosediacetate (Bioceta) by Mazzucchelli, Italy. Polypropylene entered the test studies as a reference material. The main resin characteristics are also given in Table 2 . 
Experimental Results and Discussion Processing conditions and general observations
In the following, a general overview on the processability of the different polymers is given. Subsequently in the following sections, a more detailed description on the physical and optical properties of the fabrics is added. The given temperature data for the extrusion process represents average values. The intermediate zone (Table 3 ) specifies the temperature in the gear pump area. All polymers were dried before processing for two hours at approximately 40 o C. Not all investigated polymers could be processed successfully to fine fiber webs. As expected it was found that a low MFR results in a decrease of processability in the meltblowing process.
Polymers with a MFR of less than 20 could not be processed at all, whereas a MFR above that value allowed the production of sufficient fine fiber webs. If the polymer was found to be not well processable at first, glycerin as a softener was added leading to the distinct improvement of flow properties in some cases. Table 3 shows the optimal processing profiles for the different polymers. The required fabric weight was primarily set by the collector speed. Other experimental parameters like DCD (distance die-collector), air pressure, etc., were varied with the fabric requirements.
Polypropylene -PP
The material was processed without any further compounding and was easily to process over a large range of temperatures. Fine-fiber webs were produced. Polylactide -PLA The material also was processed without any further compounding. It has to be remarked that for polylactide, crystallization sets in between 90-150 o C, followed by re-melting above 175 o C. Therefore, processing temperatures have to be chosen higher than 180 o C. Polylactide was found to be processable quite well over a large range of temperatures. Comparatively fine fibered webs were produced, whereas the web structure still remained rougher compared to polypropylene webs. At die temperatures above 230 o C, brown spots could be observed on the fabric, indicating a beginning thermal overload of the material. The produced webs were found to be sensible for brittle fracture.
Polyesteramide PEA (BAK 1095)
Pure polyesteramide (containing a processing additive from Bayer) was found to be hardly processable. Resulting fibers only showed short lengths of a few millimeters and did not bond well to the collector drum. No web formation could be observed for all investigated processing conditions. To improve the flow properties, glycerin as a softener was added at 3%, which led to a distinct improvment in the processability. The optimum was found to have the following consistency, the compounding occurred by manual stirring.
• BAK 1095 (polyesteramide): 94 of 100 • BAK 300-003 (processing-addi tive supplied by Bayer): 4 of 100 • Glycerin: 2 of 100
In this consistency the eligibility of polyesteramide for meltblowing can almost be compared to polypropylene, as the produced webs showed a very high quality. Different glycerin ratios were investigated.
Polyvinylalcohol -PVAL (Mowiol 585)
The material used in these tests already contained a share of glycerin of 10%. Polyvinylalcohol was found to be well extrudable, but the generation of fibers was not possible. 200  200  200  205  205  200  65  PEA  230  230  230  225  230  230  75  PVAL  200  195  200  195  190  200  30  CDA  210  215  220  220  220  230  45  PCL/TPS  170  185  200  200  200  200  40 of the fibers to the collector screen and therefore no generation of webs could be observed. The flow properties respectively the MFR seemed not to be sufficient for a processing in the meltblowing process. Furthermore, the die orifices closed up quickly due to sticky plasticized material.
Neither an increase of the glycerin ration up to 20% or a further temperature increase gave improvement to the processability. The temperatures given in Table 1 represent maximum values. Higher temperatures, which eventually could lead to lower viscosity and thus increasing flow properties, were not acquirable because of a commencing thermal overload indicated by yellowing of the plasticized polymer. Cellulosediacetate -CDA (Bioceta) At first, cellulosediacetate was processed with no additional additives. It was found to be well extrudable, but the generation of fibers was also not successful. The produced fibers were comparable to the experiments with polyvinylalcohol and showed lengths of only a few millimeters. No bonding of the fibers to the collector screen and therefore no generation of webs was observed. Again, the flow properties were not sufficient for a processing within the meltblowing process. These results had to be expected as the MFR of cellulosediacetate shows the lowest value of all tested polymers and its natural origin results to a high molecular weight and wide molecular weight distribution. Further experiments with softened cellulosediacetate by means of a glycerin ratio up to 10% did not show improving flow properties either. Neither different screw speeds or increasing processing temperatures up to 250 o C could improve the processability significantly. Furthermore, thermal overload could be observed at such high values.
Polycaprolactone/Thermoplastic Starch -PCL/TPS (Bioplast)
Bioplast is a polymer blend consisting of polycaprolactone and thermoplastic starch at a ratio of 60:40. The material was processed with an additional share of glycerin as pure Bioplast did not show sufficient flow properties to generate fibers. The added glycerin was admixed by manual stirring. Glycerin shares up to 10% were tested. Surprisingly, the flow properties were slightly better than for polyvinylalcohol or cellulosediacetate, as the MFR with a value of 8.6 is comparable to those polymers. Especially considering the ratio of thermoplastic starch with a very high molecular weight, such processability could not be expected. An increase of the glycerin ratio lead to an improvement of the flow properties, but even values as large as 10% could not give enough improvement to enable the generation of fine fibers or even webs. The produced fibers were very large and non-uniform in diameter and very short in length. They were very sticky and the generated web-like structures could not be taken off the collector screen without tearing. The attempt to give an additional improvement of flow by increasing the temperature could not be implemented, as thermal damaging of thermoplastic starch occurs above 200 o C.
Physical Property Measurements
The following results and discussions focus on polypropylene, polylactide and polyesteramide, as they were the only polymers found to be suitable for meltblowing.
Fiber Diameter
The average fiber diameter of the different polymers ranged from approximately 9 to 18 µm and depended on the polymer type. Figure 2 shows the average fiber diameter values of the different polymers. The strong influence of the glycerin ratio on the fiber diameter of polyesteramide is remarkable.
Obviously, both polymers, polylactide and polyesteramide, could be processed into fibers of similar diameter as polypropylene. The MFR showed no influence on the diameter of the fibers. Furthermore, the processing conditions showed no significant influence on the diameter either. For example, polylactide was processed at the conditions shown in Table 4 with the resulting fiber diameter. The same effect could be observed for polyesteramide. Also, variations in air pressure, primary air temperature or screw speed had no influence on the fiber diameter.
Fiber Diameter Distribution
The fiber diameter distribution (Figure 3 ) showed specif- ic trends for the different polymers. Polypropylene fibers, e.g. with an average fiber diameter of 8.78 µm, showed a peak at 5-11 µm with a narrow distribution. No fiber diameters larger than 30 µm were found and 5% of the investigated fibers diverged from the average value for more than 7.4 µm. The diameter distribution of polylactide fibers was comparable. For example, for a particular sample with an average fiber diameter of 9.20 µm the fibers showed a peak at 5-12 µm and a comparable fiber distribution like polypropylene. Only 0.6% of the sample showed fiber diameters larger than 30 µm and 5% of the fibers showed a derivation of more than 8.5 µm from the average value. Polyesteramide showed a rather wide fiber diameter distribution. It was also found that the distribution depended strongly on the ratio of glycerin, as shown in Figure 3 . With a glycerin ratio of only 1%, the produced fibers showed an average diameter of 18.72 µm with a fairly wide distribution. An increase of the glycerine ratio up to 2% led to a decrease in the average diameter of 10.72 µm and also to a significant narrowing of the distribution. Higher glycerin ratios did not lead to a further improvement of flow properties.
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Stress-Strain Properties of the Webs
The breaking stress was only measured in machine direction. The values at which failure occurred ranged from 0.024 and 1.181 cN/tex, as shown in Table 5 .
The maximum stress was obtained for polypropylene. The maximum values for both polylactide and polyesteramide declined significantly from that. Polyesteramide with a 2% ratio of glycerin achieved only about half of the breaking stress of polypropylene, whereas polylactide breaking stress values remained less than a tenth of polypropylene. Low values had to be expected as "hand examination" of the polylactide webs tended to show easy brittle tearing. These trends found further support regarding the elongation values. Maximum elongation for polylactide ranged between 1.3 and 2.0%, while polypropylene showed a value over 8%. Polyesteramide differed noticeably in this correlation by showing a very resilient behavior with maximum elongation values of more than 45%.
All polymers showed completely different stress and breaking characteristics, as shown in Figure 4 . Polylactide showed breaking curves with a rather jag-like progression. A rapid increase of the breaking stress was followed by an abrupt and rather unexpected fracture. Both polypropylene and polyesteramide showed a more resilient breaking performance.
For polypropylene, a high ascending gradient at the beginning declined slowly until it reached almost a horizontal line. Elongation still increased from that point before fracture occurred. Polyesteramide breaking curves also showed a slowly declining ascending gradient, which also descended to a constant value. In opposite to polypropylene, breaking did not descend to a horizontal line but remained at a constant gradient value before fracture occurred. Remarkable were the absolute derivations of measured data as shown in Figure 5 .
Microscopical Analysis of the Fibers
The produced webs were also analyzed microscopically. Figure 6 shows typical photomicrographs of polypropylene, polyesteramide and polylactide webs. It was observed that all fibers regardless of the polymer type had a smooth surface texture and appeared circular in cross section. The diameter varied for all polymers along a single fiber. The fiber orientation appeared to be random. Polypropylene fibers seemed to have a more straight orientation, whereas fibers in a polylactide web seemed to be more winded or loopy. Both polymers showed comparatively uniform fibers. Polyesteramide fibers on the other hand appeared more tuberous-like. The diameter seemed to be more non-uniform. The phenomena of thermal branching could be observed for all tested polymers, but appeared to be most distinctive for polyesteramide as shown in Figure 6 . The exact cause of thermal branching is not known, but according to Malkan [10] it occurs when propagating fibers collide with other propagating fibers which, in turn, strip off portions of polymer streams as fine branches.
Conclusions
The test studies showed the eligibility of biodegradable polymers for meltblowing. Not all of the tested polymers could be processed successfully. Only polylactide and polyesteramide were found to be suitable for this technology and could be meltblown into webs with properties comparable to meltblown fabrics made of traditional polymers like polypropylene. Considering the ecological advantages of such materials, these results show the high potential of biodegradable polymers to substitute for traditional polymers at least in some fields of nonwoven applications. The currently rather high price level of biodegradable polymers can be expected to decrease rapidly in the near future as their market share is growing constantly. 
